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Abstract 
Physical training modifies the sympathetic-vagal 
balance of autonomic nervous system. Previous studies 
have shown that such training also produces intrinsic 
modifications of cardiac electrophysiological properties 
in isolated heart during Ventricular Fibrillation (VF). 
Ten NZW trained rabbits were studied to test if the 
modifications are related to the activity of 
postganglionic parasympathetic neurons. Two records 
per subject were acquired during VF: before (G1) and 
after (G2) the infusion of atropine to inhibit the activity 
of neurons. Mapping records were obtained using a 
240-channel electrode array located in the left ventricle 
of isolated heart (perfused by Langendorff system). VF 
was induced by stimulation at increasing frequencies.  
To analyze the time course of fibrillation, the records 
were processed in 4-second consecutive segments. For 
each channel and segment, the following parameters 
were computed: 1) Dominant Frequency (DF), obtained 
by the Welch periodogram b) Normalized Energy (NE) 
in a frequency band centered at the DF; c) Regularity 
Index (RI), which analyzes the similarity of local 
activation waves in every segment and channel; d) 
Coefficients of Variance of DF (CVDF), NE (CVNE) 
and RI (CVRI).  
For each segment, we obtained the average value of 
each of the parameters analyzed for all electrodes. The 
results are: a) DF (G1: 13.671 ± 0.509 Hz, G2: 14.783 
± 0.455 Hz), b) NE (G1: 0.398 ± 0.014; G2: 0.380 ±  
0.013); c) RI (G1: 0.855 ± 0.017; G2: 0.865 ± 0.015), d) 
CVDF (G1: 0.109 ± 0.009; G2: 0.098 ± 0.008), e) 
CVNE (G1: 0.398 ± 0.014; G2: 0.380 ± 0.013 ) f) CVRI 
(G1: 0.084 ±  0.009; G2: 0.078 ± 0.008). 
None of these parameters showed significant 
differences between groups. Thus, the parasympathetic 
postganglionic neurons seem to have no effect on the 
cardiac response in VF due to physical training.  
1. Introduction 
Physical exercise modifies the sympathetic-vagal 
balance of autonomic nervous system, generating an 
increase in parasympathetic activity which is manifested 
in a reduction in heart rate [1, 2], and producing an 
antiarrhythmic effect by increasing vagal activity [3]. 
Studies on models of sudden cardiac death have 
shown that treadmill running improves parasympathetic 
regulation, increasing cardiac rate variability (HRV) and 
protecting against the occurrence of VF induced by 
acute myocardial ischemia [4]. Changes have also been 
reported in the maximum heart rate (HRmax), although 
the mechanisms that trigger these changes are not fully 
established [5]. 
In addition to these changes induced by the 
autonomic nervous system, regular exercise also 
produces intrinsic effects. An increase in the action 
potential duration of ventricular cardiomyocytes has 
been observed [6]. Studies in isolated rabbit heart during 
VF show that there are significant differences between 
groups of trained and untrained subjects in spectral 
characteristics and regularity of the fibrillatory signal, 
showing a more stable cardiac response in the trained 
subjects [7,8]. 
These studies [7,8] have been made in isolated heart 
to eliminate the influence of the autonomic nervous 
system. The aim of this study is to analyze whether the 
effects observed in isolated heart may be partly due to 
the activity of postganglionic parasympathetic neurons 
and not entirely to intrinsic causes. 
 
2. Methods 
Mapping records of VF were acquired in the Cardiac 
Electrophysiology Laboratories of the University of 
Valencia using a commercial 256 channel mapping 
system (Maptech, Waalre, the Netherlands). The records 
were acquired using an electrode array of 240 electrodes 
located in the left ventricle of rabbit isolated heart, 
perfused with a Langendorff system. 
Ten NZW rabbits were trained on a treadmill 
following a protocol of certain intensity. For each 
subject, two 5-minute records at 1kHz sampling 
frequency were acquired. VF was induced by 
stimulation at increasing frequencies. The first record 
corresponds to VF prior to the infusion of atropine to 
inhibit the activity of neurons (G1). Following its 
acquisition, VF was reverted and after atropine 
administration (1 mM) VF was again induced and the 
second record (G2) was acquired. 
 
In all cases, preprocessing was performed to analyze 
the quality of the record, discarding those channels with 
low amplitude or presence of noise. To analyze the 
temporal evolution of fibrillation, the records were 
processed in 4-second consecutive segments. 
For each segment and channel, the spectrum was 
obtained by Welch periodogram, using Hanning 
window, two non-overlapping sections, and zero 
padding. The analysis in the frequency domain includes 
obtaining the dominant frequency of the spectrum (FD) 
and normalized energy (NE), defined as the spectral 
energy in a window FD ± 1Hz, and normalized by the 
spectral energy in the band of interest (5-35Hz). 
 
 
 
Figure 1. Example of maps corresponding to the value of DF, NE, and RI in the 240 electrode array at the same time 
sequence of the same record before (G1) and after (G2) to the administration of atropine. 
 Figure 2. Temporal evolution of the average values of the parameters for G1 and G2 records. 
 
The analysis of regularity of the VF was performed 
by calculating, for each segment and channel, the 
regularity index (RI), which quantifies the regularity of 
the signal by analyzing the similarity of local activation 
waves along each channel. The used algorithm is based 
in [9], but modified in order to fit the 
electrophysiological properties of the used heart model 
[7,8]. 
For each time segment, a map for the value of DF, 
NE, and RI for all electrodes was generated (Figure 1). 
From this map, we calculated the average value of the 
parameters in the set of electrodes and their coefficients 
of variance (CVDF, CVNE and CVRI). 
For all the parameters, normality test of Kolmogorov-
Smirnov, Levene test for equality of variances and 
Mauchlys test for sphericity were applied. An analysis 
of variance with repeated measures for two factors (time 
and group) was performed.  
 
3. Results 
Table 1 shows the average results of all the records 
for all time instants according to the group. Figure 2 
shows the time evolution of these values for each 
parameter. 
 
Table 1. Mean and standard deviation values for the 
parameters (DF, NE, RI and their coefficients of 
variance) for both groups. 
 
 G1 G2 
DF 13.671 ± 0.509 14.783 ± 0.455 
NE 0.398 ± 0.014 0.380 ± 0.013 
RI 0.855 ± 0.017 0.865 ± 0.015 
CVDF 0.109 ± 0.009 0.098 ± 0.008 
CVNE 0.398 ± 0.014 0.380 ± 0.013 
CVRI 0.084 ± 0.009 0.078 ± 0.008 
 
 
Both values and their evolution profile are similar for 
both groups. For RI and CVRI there was some 
difference between the situation before and after 
application of atropine, but neither these nor the rest of 
parameters showed significant differences depending on 
the group to any point in time.  
 
4. Conclusions 
This work studies the possible effect that 
parasympathetic postganglionic neurons can have on 
intrinsic modifications of cardiac response induced by 
physical training during VF. The study has been 
performed on isolated hearts to eliminate the influence 
of nervous system. Two groups of records have been 
obtained, before and after administration of atropine to 
inhibit the activity of neurons. Three parameters and 
their coefficients of variance have been analyzed (DF, 
NE, RI, CVDF, CVNE, CVRI).  
Although some parameters show differences 
depending on the group, in any case these differences 
reached statistical significance. Therefore, the findings 
suggest that the parasympathetic postganglionic neurons 
seem to have no effect on the cardiac response in VF 
due to physical training. 
 
Acknowledgements 
This work was supported in part by Plan Nacional de 
I+D+i, Acción Estratégica: "Deporte y Actividad 
Física", project DEP2007-73234-C03-02. 
 
 
References 
[1] Blomqvist CG and Saltin B. Cardiovascular adaptations to 
physical exercise. Annu Rev Physiol 45:169-189, 1983. 
[2]   Scheuer, J., Tipton, C.M. Cardiovascular adaptations to 
physical training. Ann. Rev. Physiol. 39:221-251. 1997. 
[3]  Billman GE. A comprehensive review and analysis of 25 
years of data from an in vivo canine model of sudden 
cardiac death: implications for future anti-arrhythmic drug 
development. Pharmacol Ther. 2006; 111(3):808-35. 
[4]  Billman GE. Cardiac autonomic neural remodeling and 
susceptibility to sudden cardiac death: effect of endurance 
exercise training. Am J Physiol Heart Circ Physiol. 2009; 
297(4):H1171-93. 
[5] Whyte GP, George K, Shave R, Middleton N, Nevill AM. 
Training induced changes in maximum heart rate. Int J 
Sports Med 2008; 29(2): 129-133 
[6]  Natali AJ, Wilson LA, Peckham M, Turner DL, Harrison 
SM, and White E. Different regional effects of voluntary 
exercise on the mechanical and electrical properties of rat 
ventricular myocytes. J. Physiology. 2002; 541:863-875. 
[7]  Guerrero J, Rosado A, Serrano A, Bataller M, Chorro J, 
Alberola A, Such L. Modifications on regularity and 
spectrum of ventricular fibrillation signal induced by 
physical training. Computers in Cardiology 2009; 
36:321−324. 
[8]  Guerrero J, Rosado A, Serrano A, Bataller M, Chorro J, 
Alberola A, Such L. Analysis of spatial and temporal 
evolution of regularity maps during ventricular 
fibrillation. Computers in Cardiology 2009;36:325−328. 
[9]   Faes L, Nollo G, Antolini R, Gaita F, Ravelli F. A method 
for quantifying atrial fibrillation organization based on 
wave-morphology similarity. IEEE Trans Biomed Eng 
2002; 49:1504–13. 
 
Address for correspondence. 
Name: Juan Francisco Guerrero Martínez 
Full postal address: ETSE, Dpto. Ingeniería Electrónica.  
C/ Dr. Moliner, 50. 46100 (Burjassot) Valencia, SPAIN 
e-mail address: juan.guerrero@uv.es 
